), primary production (IPP; 18 to 2079 mg C m -2 d -1 ) and hydrographical variables were measured in the continental shelf of the East China Sea (25.4 to 31.6°N, 120.5 to 127.0°E) during summer and autumn 1998. Sea surface temperatures were > 21°C in both seasons. The slopes for Log 10 IBP vs Log 10 IPP (summer 0.44 ± 0.09, autumn 0.52 ± 0.06) and Log 10 Bµ vs Log 10 IPP (summer 0.52 ± 0.06, autumn 0.50 ± 0.06) were significant with no seasonal difference. IBB showed no trend with IPP. When data were analyzed by separating the study area into the inner-(surface NO 3 > 0.25 µM; mesotrophic) and outer-(surface NO 3 < 0.25 µM; oligotrophic) shelf systems, the slope values of Log 10 IBP vs Log 10 IPP derived from the inner-shelf (summer 0.48 ± 0.25, 12 stations; autumn 0.52 ± 0.09, 16 stations) data sets were significantly higher than those of the outer-shelf (summer 0.27 ± 0.13, 20 stations; autumn 0.36 ± 0.11, 26 stations); there was no difference for the slopes between seasons within each system. Mechanisms causing such differential coupling are not clear since this issue has seldom been addressed before. The results implied that care should be taken when analyzing cross-system or large spatial scale data sets. Our study also revealed that the IBP:IPP ratios (4 to 57%) of both seasons showed negative relationships with IPP. Phytoplankton effects on these ratios were dominated concomitantly by algal turnover rate and biomass on the inner-shelf in summer and then shifted to algal biomass dominated over the whole shelf in autumn. Ecological and biogeochemical implications of our findings are discussed.
INTRODUCTION
Recent studies have suggested that the continental shelves, although comprising <10% of the world ocean, may be very important in affecting global carbon cycling due to their large standing stocks of organic carbon as well as high rates of primary production (Mantoura et al. 1991 , Biscaye et al. 1994 , Jickells 1998 , Wong et al. 2000 . Heterotrophic bacterioplankton are believed to play important roles in regulating accumulation, export, re-mineralization and transformation of the largest organic carbon pool (dissolved organic carbon) in aquatic ecosystems over small (local) and large (global) scales (Cole et al. 1988 , Michaels et al. 1994 , Hansell & Carlson 1998 , Carlson et al. 1999 . In order to understand organic carbon cycling and the microbial loop (Pomeroy 1974 , Williams 1981 , Azam et al. 1983 ), more detailed studies of which environmental factors regulate bacterial growth and, thus, carbon consumption in different marine provinces are needed.
In aquatic systems, the sources of substrate supply for bacteria may come from phytoplankton exudation, zooplankton sloppy feeding, excretion from other planktoners, release from dead particles and virusinduced lysis (see Ducklow & Carlson 1992 , Fuhrman 1992 for review). In addition, substrates from allochthonous inputs such as river runoff and sediment resuspension also support substantial bacterial growth, particularly in the near-shore systems. Over longer time (seasonal) or spatial (across systems) scales, it has been suggested that primary production is the 'ultimate' factor in controlling bacterial growth (e.g. Cole et al. 1988 , Conan et al. 1999 and citations therein), primarily due to the theory that phytoplankton exudation has been considered the most important source of organic substrate in supporting bacterial production. However, organic substrate supply rate from the nonalgal sources mentioned above also co-vary with primary production, indicating that bacteria-phytoplankton coupling might not necessarily be a 'direct' causal relationship. Moreover, up to present, we are still having difficulty quantifying the relative importance of non-biogenic and biogenic components in contributing organic substrate for bacterial production in different ecosystems. The question that needs to be addressed is the complexity of the sources of organic substrate supply in relation to the coupling of bacterial and primary production. Bacteria-phytoplankton coupling might occur due to external controlling factors that affect both bacteria and algae in a similar way (co-variation).
The East China Sea (ECS) has one of the largest shelf systems of the world. Coastal runoff, particularly from the Yantze River (aka The Chiangjiang) plume, has been recognized as having a significant seasonal impact on the ECS shelf, in terms of physical and chemical hydrography as well as sources of inorganic nutrients and dissolved organic matter (Wong et al. 2000 and citations therein). The Three-Gorges Dam is presently under construction in the mid-stream of the Yantze River, and its possible impacts on the biogeochemical cycles in the ECS shelf after it begins to operate in 2009 have been of great concern. Any environmental data collected before its completion in this area may be very useful in evaluating its impacts afterwards. Four seasonal large area field surveys in the ECS shelf have been conducted since December 1997 by Taiwan's Kuroshio Edge Exchange Process project (KEEP; Wong et al. 2000) . Here we report on the data collected from the last 2 cruises conducted in summer and autumn 1998. Several bacterial studies in the ECS have been previously performed, but were limited to cold seasons. Shiah et al. (1999 Shiah et al. ( , 2000a suggested that during cold seasons (winter and spring), bacterial growth on the inner-shelf was not limited by substrate supply but by temperature, while on the outer-shelf, the situation was the reverse. Intuitively, one may expect that bacterial growth during warm seasons should be predominately controlled by organic substrate supply over the whole shelf and a positive correlation between bacterial production (and turnover rate) and primary production should be observed. On the other hand, since the runoff of the Yantze River varies dramatically with season, a comparison of the bacteria-phytoplankton relationship during warm periods but with contrasting plume patterns caused by the Yantze River might provide some insight into the study of aquatic microbial ecology. As predicted above, here we show that bacterial production was highly coupled with primary production during warm periods. However, although the magnitude of coupling varied between mesotrophic (the inner-shelf) and oligotrophic (the outer-shelf) systems, the magnitude of coupling seemed to be unchanged between summer and autumn within each system.
MATERIAL AND METHODS
Study site. Data were collected from the 2 cruises conducted in the continental shelf of the ECS north of Taiwan ( Fig. 1) in July (34 stations) and November (32 stations) 1998. Seawater was collected from a SeaBird CTD-General Oceanic Rosette assembly with 20 l Go-Flo bottles. Light intensity was measured with a light meter (QSP200L; Biospherical). The depth of the euphotic zone (Z e ) was defined as 1% of the surface light level. Surface nitrate concentrations (NO 3 ) were used as the boundary of the inner-and outer-shelf stations. For the outer-shelf stations, the surface NO 3 concentrations were all < 0.25 µM, which was the detection limit of our nitrate analysis method (see below). In other words, the inner-and outer-shelf stations were located in eutrophic to mesotrophic and oligotrophic ecosystems, respectively. All of the measurements listed below were taken from the same depth within the Z e from the same cast.
Bacterial production, abundance and turn-over rates. Bacterial abundance was measured by the acridine orange epifluorescence microscopy (Hobbie et al. 1977) method. Biomass was calculated using a carbon conversion factor of 2 × 10 -14 g cell -1 (Lancelot & Billen 1984) . Bacterial production was estimated by the method of 3 H-thymidine (Fuhrman & Azam 1982) incorporation with a conversion factor of 1.18 × 10 18 cells mol thymidine -1 (Cho & Azam 1988) . For details, see also Shiah et al. (1999) . For each station, triplicate samples were taken from 7 to 11 depths within the Z e . The integrated bacterial biomass (and production) was obtained by integrating (trapezoidal method) over Z e . Bacterial turnover rate (Bµ) was calculated by dividing integrated bacterial production (IBP) with integrated bacterial biomass (IBB). Note that the conversion factors were not determined empirically and we assumed that they did not change with water mass and season. Substrate enrichment experiments. Experiments were performed on the July cruise at the 3 stations (Fig. 1a) that represented the inner-, mid-and outer-shelf waters (Table 1) . At each station, whole surface water samples were preincubated at in situ (Table 1) and 5 other temperatures (5 to 30°C) in 24, 2.0 l opaque polycarbonate bottles for 1 h, which was sufficient to allow adjustment to the new temperature. A dissolved free amino acid mixture (DFAA; 15 amino acids, final conc., 0.5 µM; Shiah et al. 2000b ) was added into 12 bottles with duplicates for each temperature treatment after pre-incubation; the remaining 12 unenriched bottles were used as controls. Bacterial production and cell abundance were sampled every 2 to 6 h. The end of the lag period was defined as the time whenever the bacterial production readings in the DFAA treatments were statistically (usually > 20%) higher than those of the controls.
Primary production. Primary production was measured by the 14 C assimilation method (Parsons et al. 1984) . In brief, 2 light and 1 dark 250 ml, acid cleaned polycarbonate bottles were filled with water samples taken from the Z e . After inoculation with H 14 CO 3 (final conc., 10 µCi ml -1 ), samples were incubated for 2 to 4 h in a self-designed tank with an artificial light source. Water temperature was maintained with running seawater. To simulate light intensity, incubation bottles were wrapped with neutral density filters (LEE filters). Following retrieval, the water samples were immediately filtered through Whatman 25 mm GF/F filters under low light and low pressure (<100 mm Hg). The filters were then placed in scintillation vials, and 0.5 ml of 0.5 N HCl was added to remove residual HCO 3 . Radioactivity was measured in a liquid scintillation counter (Packard 1600) after the addition of 10 ml scintillation cocktail (Ultima Gold, Packard) into the vials. Phytoplankton turnover rate was calculated as depth integrated primary production divided by depth-integrated chlorophyll concentrations with a conversion factor of 58 g C g -1 chlorophyll a (chl a) (Eppley et al. 1992 ). Chl a and nitrate concentrations and data analysis. Chl a and nitrate concentrations were measured following the methods of Parsons et al. (1984) . Water samples for nutrient analyses were frozen immediately with liquid nitrogen in clean 100 ml polypropylene bottles. Nitrate was analyzed with a self-designed flow injection analyzer (Gong et al. 1995) and was reduced to nitrite with a cadmium wire, which was activated with a copper sulfate solution. The detection limit of this method was 0.25 µM. For chl a, 1 to 2 l of seawater were filtered through 25 mm Whatman GF/F filters, which were then immediately stored at -20°C. Back at the laboratory, the filters were ground in 10 ml 90% acetone followed by extraction in a 4°C shaking incubator for 2 h. After centrifugation at 1000 rpm (~200 × g) for 5 min, the concentrations of chlorophyll in the supernatant were measured on a Turner fluorometer (model 10-AU-005). The StatView II TM in Macintosh was used for statistical analysis including linear regression (model 2 for the field data; Sokal & Rohlf 1969) , analysis of variance (ANOVA), analysis of covariance (ANCOVA) and multiple comparisons.
RESULTS
Seasonal changes in the Yantze River plume (salinity < 32.0 psu) could be identified by the patterns of surface salinity (Fig. 1) . In summer, the plume extended to the mid-shelf but in autumn the plume was observed only at a few stations adjacent to the China coast. In both seasons, the ECS shelf was covered with warm seawater with surface temperatures ranging from 21 to 30 and 21 to 27°C, respectively; sea surface temperatures were colder on the inner-shelf and increased offshore (Fig. 2a) . The depths of the euphotic zone were shallower than 10 m on the inner-shelf and extended down to 90 m on the outer-shelf. Surface nitrate concentrations (NO 3 ) in summer (< 0.2 to 28.1 µM) and autumn (< 0.2 to 24.3 µM) were high on the inner-shelf and then decreased seawards (Fig. 2b) . Note that surface NO 3 was depleted at a salinity of 30.0 psu during summer, while that of autumn was still detectable at a salinity of 34. ) were at least 50% higher than those of autumn (222 to 426 mg C m -2 and 9 to 70 mg C m -2 d -1
). For both seasons, IBB values were higher and formed dome-shaped patterns outside the Yantze River, and then decreased seawards. For both cruises, there were no significant relationships for IBB vs euphotic zone integrated chlorophyll concentrations (Ichl a; 14 to 68 mg chl m -2 ; p > 0.05) or IBB vs IPP (Fig. 3a) .
IBP of summer and autumn showed distinct spatial patterns (Fig. 2e) . In summer, IBP was high on the inner-shelf and then decreased seawards; autumn IBP peaked in the mid-shelf (area of ~34.0 psu) with lower values at both ends. Spatial distribution of Bµ (Fig. 2f) (Table 2) . Note particularly that the slopes for log 10 IBP vs log 10 IPP and log 10 Bµ vs log 10 IPP calculated from the whole summer and autumn data sets were not significantly different from each other ( Table 2 ). The ranges and averages of IBP:IPP ratio for summer and autumn were 4 to 36 and 4 to 57% as well as 15 ± 8 and 15 ± 10%, respectively. These ratios showed a negative trend with IPP ( Fig. 3d ) in both seasons. Further analysis showed that summer Bµ and IBP:IPP ratio were negative functions of Ichl a and Pµ (algal turnover rates) simultaneously, while those of autumn were negatively correlated with Ichl a only ( Table 2) .
The relationships of IBP, Bµ and IBP:IPP ratio vs IPP revealed more interesting information when regional (inner-and outer-shelf systems) differences were considered. For the inner-shelf, the slope values of IBP vs IPP of summer (0.48 ± 0.25) and autumn (0.52 ± 0.09) were about 2× those derived from the outer-shelf (0.27 ± 0.13 and 0.36 ± 0.13). Furthermore, in neither the inner-nor the outer-shelf was there a difference between seasonal slopes (Table 3 ). The relationships for Bµ vs IPP and IBP:IPP ratio vs IPP were the same as those described above except that the slopes of the latter were negative and higher on the outer-shelf (-0.72 ± 0.13 and -0.63 ± 0.11) than those of inner-shelf (-0.52 ± 0.25 and -0.49 ± 0.09) for both seasons.
The in situ conditions for the DFAA enrichment experiments performed at the 3 stations on the summer cruise are listed in Table 1 . Dramatic contrasts could be observed among experimental stations, both in terms of chemical and biological measurements. When incubated at in situ temperatures, bacteria responded to the addition of DFAA within 2 h for the mid-and outershelf samples, while it took a further 2 h to occur in the inner-shelf samples (Fig. 4) . As incubation temperatures decreased (< 20°C), the lag periods (required for bacteria to respond to the added DFAA) increased in all experiments, indicating that the enrichment effect required a longer time to occur at low temperatures (5 to < 20°C).
DISCUSSION AND CONCLUSION
The continental shelf of the ECS during the warm periods showed strong gradients of inorganic nutrients, algal biomass and primary production. For both seasons, NO 3 concentrations were always high on the inner-shelf area (Fig. 2b) , but values of Schl a (Fig. 2c) and IPP (Fig. 3a) in autumn were only 50% of those recorded in summer. Several studies have shown that the Yantze River and the other 7 Chinese rivers that (Gong et al. 1996 , Wong et al. 1998 ). Higher Schl a concentrations and IPP observed on the inner-shelf during summer might be due to coastal upwelling induced by the prevalence of the southwest monsoon that increases PO 4 availability from the bottom water . Surface PO 4 values on the inner-shelf during summer were above the detection limit (0.03 µM), with a mean concentration and N/P ratio of 0.14 ± 0.14 µM and 75 ± 52 mol N mol -1 P, respectively. On the other hand, surface PO 4 and N/P ratio of the inner-shelf during autumn were 0.46 ± 0.37 µM and 17 ± 8 mol N mol -1 P, respectively. Higher surface PO 4 concentrations on the inner-shelf during autumn might be due to lower values of Schl a and IPP (lower phytoplankton uptake) resulting from low level sunlight intensity . Note also that the N/P ratios were similar to the Redfield ratio (N/P = 16) during autumn while those for the summer were much higher (N/P ranged from 22 to 167). For the oligotrophic outershelf, NO 3 concentrations were low and its availability has been suspected to be the major limiting factor for algal growth (Chen et al. 1999 , Chen 2000 , Gong et al. 2000 ) since most of the surface PO 4 values were still detectable with N/P ratios lower (N/P < 11) than the Redfield ratio.
These results indicate that the innerand outer-shelf were more akin to 2 distinct ecosystems dominated by new and regenerated production, respectively (Chen et al. 1999) . Such dissimilarity might result in different phytoplankton species composition with mainly large phytoplankton (diatoms) on the innershelf and small phytoplankton (flagellates) on the outer-shelf (Chiang et al. 1997 , Huang et al. 1999 , Chen 2000 . This implies that care should be taken when analyzing the relationship between bacterial and primary production with large spatial scale data sets. More specifically, the bacteria-phytoplankton relationship might be system-dependent (see discussion below).
Seawater temperatures over the study area were all > 20°C, which were (or near to) the optimal temperature for the growth of non-hyperthermophilic bacteria (c.f. Wiebe et al. 1992 , Shiah et al. 2000b and citations therein). These systems offered a good opportunity to verify the relationship between bacterial growth (particularly turnover rate) and primary production when temperature was not limiting. Although the ranges and spatial patterns of the Yantze River freshwater plume of these 2 cruises were quite distinct, the coupling between bacterial rate parameters (IBP and Bµ) and IPP were significant with similar slopes and intercepts when the whole data sets were used in the analysis (Table 2) . Table 3 indicates that after further analysis of our data sets, the magnitude of coupling, as judged from the slope values, could be quite different on the inner-than on the outer-shelf, which represent meso-and oligotrophic systems, respectively. The results revealed that the algal effects on the spatial variability of IBP (and Bµ) on the inner-shelf were larger (i.e. 2×) than those on the outershelf. Such a phenomenon consistently appeared in summer and autumn, although IPP (summer 950 ± 600, autumn 292 ± 231 mg C m -2 d ) on the inner-shelf changed dramatically within these 2 seasons. Conan et al. (1999, their : coefficient of determination; and n: sampling size. Superscripts (a-c) indicate no difference at p = 0.05 by ANCOVA. IBP: depth-integrated bacterial production; Bµ: bacterial turnover rate; IPP: depth-integrated primary production; Ichl a, depthintegrated chl a; and Pµ: phytoplankton turnover rates; ns: non-significant at p = 0.05 level; *all significant at p = 0.05 level vs log 10 IPP were in the range of 0.37 to 0.75. Our slopes (0.27 to 0.52, Table 3) were within but at the lower end of the reported values. The most unique finding of our study that has not been fully addressed previously by many other researchers was that the coupling between bacterial and primary production might be system-dependent. Several recent studies have demonstrated that phytoplankton species composition, algal exudation capacity (Huang et al. 1999) , bacterivory (Sanders et al. 1992 ) and bacterial community structure might change with different inorganic nutrient status (Lebaron et al. 1999 ) and seasons (Pinhassi & Hagrstrom 2000 and citations therein). Vrede (1999) showed that algal species composition could affect bacterial growth. Therefore, the relationship (the slopes) of IBP vs IPP might be expected to deviate substantially by the changes of any of the factors on the inner-and outer-shelf systems. Unfortunately, we have not found any plausible explanation due to the lack of planktonic species composition data.
It is well known that bacterial growth also may be limited by inorganic nutrients such as ammonium (NH 4 ) and/or PO 4 (Thingstad et al. 1999 , Touratier et al. 1999 and citations therein) when the C/N, C/P or N/P ratios of the organic substrate were higher than those of bacteria. A more intriguing idea is that the differential coupling between bacteria and phytoplankton on the inner-and outer-shelf might be regulated by mechanisms independent of the organic substrate control scenario proposed by Cole et al. (1988) and others. That is, bacterial and algal activities might be driven by external sources in a similar manner (co-variation). In enrichment experiments, Shiah (1999) demonstrated that bacterial growth in the surface water samples taken from the outer-shelf (the Kuroshio waters) during summer was not limited by organic carbon (glucose) but by NH 4 and/or PO 4 . His experiments, unfortunately, did not further differentiate which inorganic nutrient was the limiting one. With his and our DFAA experiment results, we suspect that bacterial growth on the outer-shelf was more likely to be limited by nitrogen instead of PO 4 for one important reason. If PO 4 were the limiting nutrient, then the addition of Table 3 . As in Table 2 but for data sets that were separated into inner-and outershelf areas. Slopes with the same superscripts (a-i) indicate no difference at p = 0.05 by ANCOVA Fig. 4 . Lag period required for bacteria to respond to the enrichment of dissolved free amino acids at different temperatures. Experiments were performed in summer 1998 using samples taken from the inner-( ), the mid-(s) and the outershelf ( ) DFAA (which contained no P) would not enhance bacterial growth. The low inorganic N/P ratios observed on the outer-shelf suggested that algal growth might be limited by inorganic nitrogen. It is very likely that inorganic nitrogen, particularly NH 4 availability, was the limiting factor in regulating the spatial variability of bacteria and phytoplankton growth simultaneously on the outer-shelf. The system becomes more oligotrophic as one moves from the mid-to the outer-shelf, and both IBP and IPP decrease due to reducing NH 4 availability, which results in a positive relationship of IBP and IPP. Meanwhile, bacteria are more competitive for NH 4 uptake due to their much larger surface to volume ratio than phytoplankton (Bratbak & Thingstad 1985) , and this might lead to a higher IBP:IPP ratio in a lower IPP area.
On the other hand, inorganic nutrient limitation on bacterial growth on the inner-shelf seemed to be less likely due to copious NH 4 (0.34 to 1.31 µM; Liean 1999) and PO 4 (summer 0.14 ± 0.14 µM; autumn 0.46 ± 0.37 µM) in the surface waters. Dissolved organic carbon (DOC) concentrations in this area were high (85 to 120 µM) in the Yantze River plume and decreased seawards to concentrations of < 70 µM (Hung et al. 2001) . DOC degradation rate for the coastal waters was about 0.05 d -1 , suggesting that some portions of riverine DOC were labile to semi-labile (Hung et al. 2001) . The DFAA enhancement effect on the coastal waters might be due to the addition of organic nitrogen instead of organic carbon. In these experiments, the lag periods of the inner-shelf samples (Fig. 4) were about 2× (4 h) longer than those of the mid-and outer-shelf samples, while the lag periods of the latter 2 samples showed no difference from each other (t-test, p > 0.05, n = 6). This implied that the strength of bottom-up control probably was weaker in the inner-shelf (Sanders et al. 1992) , where surface chlorophyll (3.9 mg chl m ) were at least 10× higher than those of the other 2 areas (Table 1) . Another possibility, as stated above, was that the in situ temperature of the inner-shelf sample (21°C) was lower than those of the mid-and outer-shelf (27 to 29°C) samples.
As for bacterial biomass, no correlation was observed for IBB vs IPP. This suggests that processes other than substrate supply, such as bacterivory (Fuhrman & McManus 1984 , Sherr et al. 1987 , Sanders et al. 1992 ) and viral lysis (Proctor & Fuhrman 1990 , could be important in regulating the spatial pattern of IBB. This is consistent with the conclusion of Ducklow (1999) that bacterial biomass and production might be independently regulated by different processes. Fig. 2d shows that in the low salinity (< 33.5 psu) area, summer bacteria biomass (370 ± 164 mg C m ), indicating the possibility of higher ciliate grazing pressure on IBB during summer. In addition, abundant ciliate numbers imply that there might be higher organic substrate flux from ciliates in supporting higher Bµ (Nagata & Kirchman 1992) on the inner-shelf during summer than in autumn.
Although the slope values Bµ vs IPP (= Ichl a × Pµ) were similar between summer and autumn within each system, Table 3 ). This indicates that Pµ effects on Bµ occurred only in the system when Pµ was high (see also below).
Ratios of IBP:IPP varied 4 to 57% for both cruises, with an overall average of 15 ± 9%. These values were somewhat lower than, but still within the range of, a review paper of oceanic IBP:IPP ratio (25%) presented by Ducklow (1999) . In a study conducted in the NW Mediterranean Sea, Conan et al. (1999) found that the relationship between IBP:IPP ratio and chlorophyll normalized primary production (PE = IPP/Ichl a, an index of Pµ) could be expressed as a power function of (IBP/IPP) ratio = 25.1 × PE -0.68 . In addition, for a large range of PE >1.0 g C g -1 chl h -1 (=0.21 d -1 of Pµ of this study), the ratio remained low (< 25%), but increased dramatically for lower values of PE. Our summer innershelf data coincided with their observation but further showed that Ichl a also plays a role in affecting the variation of IBP:IPP ratio (Table 3 ). This suggests that phytoplankton effects on IBP:IPP ratio might be mediated through either algal biomass, turnover rate controls or both, and that such controls might shift between seasons and systems. As mentioned above, Pµ on the inner-shelf during summer were high (0.23 to 0.57 d . It was suspected that algal turnover rate control on IBP:IPP ratio might occur only when Pµ was high, such as in the case of Conan's et al. (1999) study and our summer inner-shelf data. On the other hand, when Pµ values were low, algal biomass control on the spatial variation of IBP:IPP ratio probably would be more important. The same kind of argument could probably also be applied to the relationships for Ichl a and Pµ on Bµ (Table 3) .
The negative relationship between IBP:IPP ratios and IPP has been observed in the cold Southern Ocean (< 3°C; 47 to 60°S, Lochte et al. 1997, their Fig. 8b ). Such a phenomenon was ascribed to the uncoupling or time lag between phytoplankton and bacteria development. Lochte et al. (1997) proposed several possible scenarios as an explanation, which included extremely low exudation rate of DOC by phytoplankton, low bacterial uptake or conversion of organic material, and repression of bacterial metabolism due to low temperatures or high grazing pressure. In our study, the low temperature scenario seemed not to be the case since water temperatures were all > 21°C during study periods and no correlation was observed for summer (n = 34) and autumn (n = 32) IBP:IPP ratios vs water temperatures or salinity (p > 0.05). Nevertheless, our data could not verify any of the other explanations but do document comparative findings in a very distinct ecosystem (i.e. temperate-subtropical). In fact, uncoupling (between phytoplankton and bacteria) is a phenomenon that has been observed through time-series study only (e.g. Ducklow 1999, his Figs. 2, 3 & 5) . Our investigations were conducted in a way to address spatial variation. Nevertheless, from the organic carbon cycling point of view, as suggested by Conan et al. (1999) , a high IBP:IPP ratio may lead to a consequence that there may be less material available for higher trophic level and/or for export to the deep ocean and sediments.
In summary, inorganic nutrient, phytoplankton biomass and production showed strong gradients in the continental shelf of the ECS during warm seasons with high seasonal contrast in the spatial patterns of the Yantze River plume. High seawater temperature (> 21°C) seemed to be the ultimate factor driving bacterial growth, which was strongly coupled to primary production over the ECS shelf. However, our major finding that has not been fully addressed before suggests that algal effects on bacterial rate parameters might be system-dependent, as indicated by the different slopes for IBP (and Bµ) vs IPP from the inner-and outer-shelf systems. This implies that care should be taken in analyzing cross-system data sets derived from large spatial scale studies. Our study further indicates that phytoplankton effects on bacterial turnover rate might be concomitantly via algal biomass and turnover rate control on the inner-shelf in summer, and via algal biomass control on the outer-shelf in summer and over the whole shelf in autumn. The phenomena derived from the inner-shelf during warm seasons are quite different from previous studies (Shiah et al. , 2000b performed in the same area during cold seasons, stating that temperature was the major limiting factor in controlling bacterial spatial variation. This suggests that temperature, organic substrate and inorganic nutrient controls on bacterial growth in the ECS shelf might switch among locations within season and among seasons. The IBP:IPP ratios (15 ± 9%) recorded from this study are in the range of reported values of the world ocean. The negative correlation between IBP:IPP ratios and IPP has been reported in several ecosystems, but its ecological implications are not very clear and must be further explored.
